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' Abstract 

H . 

, ^ . We study the performance of cognitive radio networks (CRNs) when incorporating adap- 

tive modulation at the physical layer. Three types of CRNs are considered, namely op- 
portunistic spectrum access (OSA), spectrum sharing (SS) and sensing-based SS. We 
obtain closed-form expressions for the average spectral efficiency achieved at the sec- 
ondary network and the optimal power allocation for both continuous and discrete rate 
types of adaptive modulation assuming perfect channel state information. The obtained 
numerical results show the achievable performance gain in terms of average spectral effi- 
ciency and the impact on power allocation when adaptive modulation is implemented at 
the physical layer that is due to the effect of the cut-off level that is determined from the 
received signal-to-noise ratio for each CRN type. The performance assessment is taking 
place for different target bit error rate values and fading regions, thereby providing useful 

K^ performance insights for various possible implementations. 

^;^ I Keywords: cognitive radio networks, adaptive modulation, optimal power allocation, 

r — ■ opportunistic spectrum access, spectrum sharing, spectrum sensing. 
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en ' 1- Introduction 

Cognitive radio networks (CRNs) can enhance spectrum utilization of licensed wire- 
less networks, also known as primary networks (PN), when certain conditions apply [l| 
/\ , y. The underutilized or unused spectrum resources can be exploited by the so called 

cognitive or secondary networks (SNs) as long as their operation is not harmful for the 
PN. CRNs are categorized either as opportunistic spectrum access (OSA) or as spectrum 
sharing (SS) ones [3| [J]. OSA CRNs rely on exploiting spectrum bands when they are 
not being used by the PN and the power level is adequate for transmission. SS CRNs rely 
on the co-ordinated sharing of a spectrum band among the PN and the SN. Furthermore 
if an SS CRN employs spectrum sensing, then it is called sensing-based spectrum sharing 
CRN j5||. All three CRN types exploit channel state information (CSI) in order to provide 
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enhanced spectral efficiency over the considered wireless channels [6|[7|[8|. To this end, 
one of the main techniques employed is power control which regulates the transmission 
of the SN users while protecting the PN ones by exploiting the CSI [Of [10| . 

On the other hand, adaptive modulation is one of the key techniques used in most 
broadband wireless communication standards such as the high speed packet access (HSPA) 
and the worldwide interoperability for microwave access ( WiMAX) , since it allows for the 



optimal utilization of fading channels llj [12| [I3j . In particular the transmission rate 



is adapted based on information regarding the channel conditions that are estimated at 
the receiver's side and made available at the transmitter throughout a feedback channel 



14| . When adaptive modulation is implemented in conjunction with power control at 



the physical layer, then a variable rate variable power (VRVP) modulation is considered 
[l5| [16[. Two alternatives of VRVP have been specified known as continuous rate (CR) 
and discrete rate (DR). The latter is more practical from implementation point of view 
since the continuous fashion can not be easily accomplished. 

In this work we investigate the incorporation of adaptive modulation in OSA, SS 
and sensing-based SS CRNs in order to assess the achievable performance in terms of 
spectral efficiency and to derive the optimal power allocation for each implementation. 
For adaptive modulation we consider several constellation numbers and bit error rate 
(BER) target values. Closed form expressions regarding the average spectral efficiency 
over fading channels and the corresponding required optimal power allocation that max- 
imizes the average spectral efficiency are derived. A Rayleigh fading channel model is 
considered for characterizing the fading effects on digital transmissions in urban wireless 
mobile communications ,.17j. The obtained numerical results highlight the performance 
of adaptive modulation for each CRN type and the corresponding achievable gain in aver- 
age spectral efficiency. Furthermore, we derive and evaluate the results of optimal power 
allocation that indicate the additional transmit power demands. The proposed approach 
is practical and essential for fourth generation (4G) cellular networks and beyond, which 
already adopt adaptive modulation and in the near future will adopt CR techniques such 
as the recently introduced carrier aggregation technique [18[ [l9| . 

To the best of our knowledge, such a comprehensive study has not been carried out 
so far. The authors in [20| consider a SS CRN with one primary user (PU) and multiple 
secondary users (SUs) and propose a joint adaptive modulation and power allocation 
while taking into account the protection of the PU and the quality of service (QoS) of 
the SUs. The main objective of this work is to minimize the total power consumption 
while keeping both the received interference level at the PU and the target values of the 
received signal-to-interference-noise-ratio (SINR) at the SUs at an acceptable level. In 
this study the received SINR represented the QoS metric used for the SUs. The authors 
in 21| proposed a joint bandwidth allocation, adaptive modulation and power control 



in a space time block coding system in order to maximize the spectral efficiency and 
the total throughput under several bandwidth constraints. In 22], adaptive modulation 
is considered in a distributed ad-hoc CRN where energy efficiency is the performance 
metric. In [23|, authors analyse the performance of adaptive modulation over Nakagami- 
m fading channels for opportunistic access without considering the SS cognitive paradigm. 
In addition the IEEE 802.22 working group has not yet considered the incorporation of 
adaptive modulation in CRNs and its possible practical deployment [2J] [? ]. 

The reminder of this paper is organized as follows. In Section II we provide the system 
models employed when adaptive modulation is implemented in OSA, SS and sensing- 
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based SS CRNs respectively. In section III the performance analysis of the proposed 
schemes is taking place. In section IV, we provide numerical results that illustrate the 
behaviour of the assumed deployments. Finally a summary of this work is presented in 
section V. 



2. System models 

In this section we provide the system models that were utilized for investigating the 
incorporation of adaptive modulation in the three CRN types. 

2.1. Opportunistic Spectrum Access CRNs 

We assume an OSA CRN with c G C channels and u G U users where each user u is 
served relying on a spectrum pooling strategy that first serves the PU and subsequently 
the SUs [7|. In this sense a set of channels is shared among the PU and the SUs. Thus 
the SU cares only about the availability of channels that are not used by the PU and 
does not consider any interference related aspects. Fig.l shows the system model of 
the considered OSA CRN. The model shows one PU and one SU and the channels C 
which are available for access from both user types at time i and i + 1 respectively. For 
instance, at time i the PU occupies two channels in which the specified level in SNR 
has been achieved and in the same way the SU occupies two different channels in the 
considered spectrum at time i + 1. The channels are assumed in a fading environment 
with independent and identically distributed (i.i.d.) channel gain \/g{i) and additive 
white Gaussian noise (AWGN) n{i), both at time i. 

The average transmit power over the fading channel is P and the AWGN is with 
power density No/2. A SU can access an idle channel c if and only if a predefined level 
on the instantaneous transmit power P, is achieved. This level is determined from the 
CSI which represents the received SNR, 7 that is equal to g{i)P/No at time i. Thus, 
the transmit power P is controlled by 7 and we denote it as Pi"/). This policy is known 
as optimal power allocation and relies on the channel state estimation g{i) [26J. We 
assume that the estimation is performed at the receiver using a training-based channel 
estimation [27[. The channel estimation 7 is also available at the transmitter side via a 
feedback channel [16]. We assume that the CSI is perfectly available at the receivers i.e. 
PU-Rx, SU-Rx and that the feedback channel does not induce any delays on the CSFs 
transmission. This can be achieved for example in cellular networks where power control 
is used. 

The system first determines if a user u can access a channel c and in the sequel it 
selects the appropriate M-ary Quadrature Amplitude Modulation (M-QAM) from the set 
M according to the estimated CSI \XM ■ Furthermore, we make the following assumptions 
for the considered system: a)the total system's bandwidth is B and is divided into 
C channels b) the transmission of each symbol is accomplished with a symbol period 
Tg — 1/B using ideal raised cosine pulses and c) the fading channel is varying slowly in 
time, i.e. the receiver is able to sense and track the channel fiuctuations. Such a channel 
corresponds to a block flat fading channel model with an average received SNR, 7 [28j. 



2.2. Spectrum Sharing CRN 

We consider now a SS CRN model with one PN and one SN as depicted in Fig. 2. 
In SS CRNs, the primary user (PU) and the secondary user (SU) share the same chan- 
nel band for data transmission [6J. All the links are assumed as fading channels with 
AWGN. The primary link consists of a PU transmitter (PU-TX) and a PU receiver (PU- 
RX) with channel power gain g^p, while the secondary link consists of a SU transmitter 
(SU-TX) and a SU receiver (SU-RX) with channel power gain g^s- Furthermore, the 
interference links are assumed from PU-TX to SU-RX with channel power gain gps and 
from SU-TX to PU-RX with channel power gain Qsp. The AWGN is assumed to be 
an independent random variable with mean zero and variance, N[0,a'^]. The average 
and the instantaneous transmit power of the SU-Tx over the fading channel is P and 
P respectively. Thus, the CSI which represents the received SNR 75^ at the secondary 
link is equal to gssP/NoB, assuming that the interference from the PU is negligible. CSI 
is perfectly available at the secondary receivers and the secondary link employs power 
control. A feedback channel makes available the received SNR at the secondary link 7^5 
to the SU-Tx without any delay. The power control mechanism at the SU-Tx and the 
corresponding optimal power allocation has to protect the PUs transmission in a SS CRN 
where the channel is shared with the SU. Efficient power allocation policies can lead to 
the maximization of the overall achievable throughput and are of primary importance 
for CRNs [29|. Details regarding the approaches adopted for power control and power 
allocation in SS CRNs are provided in section III. 

The secondary link employs adaptive modulation in conjunction with power control 
as depicted in Fig. 2. A set of M-ary Quadrature Amplitude Modulations (M-QAM) is 
considered. The selection of a particular modulation and the optimal power allocation 
rely on the estimated SNR 7ss at the SU-Rx. As in the opportunistic spectrum access 
system model the symbol period is T^ — l/B using ideal raised cosine pulses and the 
channel is a block flat fading channel model with a corresponding average received SNR 
at the SU-Rx, 7^, (28|. 

2.3. Sensing-based SS CRN 

The PUs in SS CRNs can be further protected by employing a spectrum sensing 
mechanism that can efficiently identify resource availability '30] . In this case a new CRN 
model is defined known as sensing-based SS CRN [5i]. We assume such a deployment in 
Fig. 2 where a spectrum sensor at the SU-Tx determines the active or idle state of the 
PU. In particular, the spectrum sensor acquires N samples over an AWGN channel of the 
transmit signal at the PU-Tx, which is equal to A^ = rfs where r is the sensing time and 
fs is the sampling frequency. By this procedure, the spectrum sensor senses a received 
SNR 5" produced by the PU-Tx that in sequel is compared with a sensing threshold n 
above which the PU is considered active. 

If the PU is actually active and the sensing result is that the PU is active too, this 
scenario is known as perfect detection. The corresponding probability is referred to as 
probability of detection, which is denoted by d. On the other hand, if the PU is actually 
inactive and the sensing result is active, this scenario is known as false alarm, and the 
corresponding probability is referred to as probability of false alarm, which is denoted by 
/. In our model, the spectrum sensor is an energy detector which results in the following 



probabilities over an AWGN channel with zero mean and variance ct^ 31 | . 
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Figure 1: System model of Opportunistic Spectrum Access CRN 
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Figure 2; System model of a Spectrum Sharing CRN 



d = Q ^-s-iUh^ (1) 




(2) 

where Q (■) is the complementary distribution function of the standard Gaussian |^. 
Therefore, the secondary hnk employs CR and DR adaptive modulation with MQAM 
constellations and power control in conjunction with spectrum sensing leading to a 
sensing-based SS CRN model. 

3. Adaptive modulation in Cognitive Radio Networks over fading channels 

In this section, we provide the performance analysis regarding spectral efficiency 
and optimal power allocation when the CR and DR adaptive modulation schemes are 
implemented in OSA, SS and sensing-based SS CNRs. 

3.1. Adaptive modulation in Opportunistic Spectrum Access CRNs 
3.1.1. Continuous Rate adaptive modulation in OSA CRN 

The CR adaptive modulation with an MQAM constellation set results in the following 
expression for a specific bit error rate (BER) target value |15| 

where 7 is the received SNR. On the other hand, the scope in OSA CRNs is to allocate 
a channel c to a user u which maximizes the average spectral efficiency (ASE). ASE is 
an expectation E{-) on the achievable symbol rate log2{M) |j that is given as follows 



Se = E[log2M{-i)] = jlog2(l 
subject to the following power constraint 



'■'^ ^)p(7)c^7 (4) 



-ln{5BER) P 



P{l)p{l)di < P. (5) 

where p{'y) is the probability density function (PDF) of the received SNR 7 7]. The 
optimal power allocation which maximizes the ASE in OSA CRNs with CR adaptive 



modulation is given from 15 1 



:^_/i-^' 7>^ 



I ^ K 



lQ(x) = l/V2^/-e(-*'/2)dt 

^The term average spectral efficiency is used wiien fading channels are assumed. 



where 70 is a cutoff value in the received SNR and K is the effective power loss that 
retains the BER value and it is equal to 

— 1.5 
~ ln{5BER)' ^ ' 

Substituting (6) into (4), the ASE for the CR MQAM is maximized up to a cut-off level 
in SNR denoted as 7^ — 'fa/K that is derived from 
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{Se)cR = / log2 — Pil)d'y. (8) 

In the considered OSA CRN, equation (8) gives the ASE that the PU achieves at a 
channel c denoted as Sei,c since it is served first from the OSA strategy [TJ. Thus, the 
achieved ASE by a SU u denoted as Seu.c is equal to 

Scu.c = ^i,cSei,c (9) 

where Aic is the spectrum factor gain which represents the probability that the channel 
c is not occupied by the PU. This gain depends on the cut-off level in SNR ^k of the 
optimal power allocation over the fading channel and is given by 

Ai,, = / p(7)d7. (10) 

Ja 

If we generalize this strategy for U users, the sum ASE which an OSA CRN provide is 
given as follows 

^ ^ 1 - Af , 

Sesum = 2^ Scu^c = 2^ Ai,cS'ei,c = . Sei^c- (H) 

w— 1 ti— 1 ' 

The term 1 — A^^/1 — Ai^cU is called total band factor gain and it represents the per- 
centage of the channels that remain unused and can be exploited by the SUs which are 
served with a specific priority by the OSA CRN. 

3.1.2. Discrete Rate adaptive modulation in OSA CRN 

We now consider a discrete rate (DR) MQAM with a constellation set of size N 
with Mo = 0,Mi = 2 and Mj = 22(J~i) for j = 2, ...,7V. At each symbol time, the 
system transmits using a constellation from the set {Mj = 0, 1, ..., N} [15|. The choice 
of a constellation depends on the fade level 7 i.e. the SNR over that symbol time while 
the Mo constellation corresponds to no data transmission. Therefore, in OSA CRNs, 
for each value of 7, the SU-Tx decides which constellation M to employ and what is 
the associated transmit power P in order to maximize the ASE. The ASE is in this case 
defined as the sum of the data rates of each constellation j multiplied with the probability 
that this constellation will be selected i.e. (7^ < 7 < 7j+i) and it is given from 

N 

iSe)DR. = E log2{MMl, < 7 < I3+1) (12) 

^where YZ=i a; = 1 - x^ /I - x 



subject to the following power constraint 

J2 ^Ph)dj = l (13) 

where Pj{'^)/P is the optimal power allocation that is obtained from (3) for each con- 
stellation Mj with a fixed BER. Thus the optimal power allocation is given from 



P.in) ^ [ (M, - 1)^, M,<^< Af,+i 
P [0, Mj=0 



(14) 



where 7* is the cut-off level in SNR of the optimal power allocation which optimizes the 
amount of the fading regions 7j for j = 0, 1, ..., iV according to 7j = ^*Mj. In this way 
the maximization in spectral efficiency is accomplished. Therefore, the band factor gain 
and the sum ASE in OSA CRNs which implement a DR adaptive modulation depend on 
the cut-off level in SNR, 7* and they are obtained by equations (10) and (11) accordingly. 

3.2. Adaptive modulation in Spectrum Sharing CRNs 
3.2.1. Continuous rate adaptive modulation in SS CRNs 

In SS CRNs, the implementation of the adaptive modulation aims to maximize the 
ASE while the PU is protected by an optimal power allocation policy [Q . Thus the SU- 
Tx employs power control that is based on an average transmit power constraint P and a 
peak interference power constraint, Ipk U for the SU-Rx and for the PU-Rx respectively. 

The transmit power is now related to both the received SNR at the SU-Rx, 7^5 and 
the received SNR at the PU-Rx, 7^^ which is denoted as P{'^ssnsp)- We consider also 
that the interference from PU-Tx to SU-Rx with channel power gain gpg is negligible. 
Thus, when CR adaptive modulation is implemented in the SS CRN, the maximization 
of the ASE at the secondary link is obtained as follows 

<Se)cR = j^ I I092 (1 + _^„\-sg^^) ^(7^1: ^-P) j Phss)p{ls,)djs,dj.. (15) 

subject to the following power constraints 

P{lss,lsp)p{lss)p{lsp)d'yspd'yss < P (16) 

/O ^0 

JspPilssHsp) < Ipk- (17) 

where p(7ss) and p(7sp) are the PDFs of the corresponding received SNR. The optimal 
power allocation that maximizes equation (15) subject to (16) and (17) is given from 

Pjlss^lsp) ^ f ^ - ^' 'T- > ¥ «"^ T-P < {lh'J~lh..K) ,^gx 

P I i± -^ > 2li and -r > ^-^^ 

I7.P' 7ss > K "'*" /SP ^ (1/7^-1/7= = -^^) 

where ^Ig/K is the cut-off level in SNR above which the SU transmits in the shared band. 
On the other hand for 7^3 < j^g/K no data transmission occurs i.e. Pijyssjjsp) = [2]. 
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■^Although, diflferent optimal power allocation strategies for the SU can be found in [6], we assume 
this pair of constraints since it is the most representative in CRNs. 



3.2.2. Discrete rate adaptive modulation in SS CRNs 

In the considered SS CRN we assume now a DR adaptive modulation in conjunction 
with an interference power constraint for the PU's protection and an average power 
constraint at the SU as in the previous subsection. Then the maximization of the ASE 
is obtained as follows 

{Se)DR = 2l^°92{Mj) i I p{-tss)p{lsp)d-tspd-tss (19) 

j=i hss.j Jo 

subject to the following constraints 

JX^ r-fss.j+i roo _ 

Z2 / Pj ilss, 7sp)pilss)p{lsp)d-/spd-f SS < P (20) 

7spPjilss,7sp) < Ipk- (21) 

The optimal power allocation that maximizes (19) subject to (20) and (21) is given in 
this case as follows 

PAls_s,lsp) ^ f ^S^. itsMj < jss < ltsMj+1 and 7sp < iM,-i/L.,K) (22) 
P te' ^*^sMj < iss < YssMj+i and 7sp > ^m,J/L..k) 

where 7*^ is the cut-off level in SNR of the optimal power allocation which designates 
the fading regions jssj for j = 0, 1, ..., A^ according to jssj = IssjMj. For Mj = data 
transmission does not take place i.e. Pj{jss,Jsp) = 0. 

3.3. Adaptive modulation in sensing-hased SS CRNs 

In the sensing-based SS CRN, the SU-Tx adapts its transmit power in accordance to 
the inferred PU's state. Specifically, if the PU is considered active, the SU-Tx transmits 
with power P^ and if it is considered idle the SU-Tx will transmit with power P*^. In order 
to care for the PU's protection it is is assumed that P^ > P^ [5|. Thus, when adaptive 
modulation is implemented in a sensing-based SS CRN, the achievable spectral efficiency 
is separated into Se° and 5*6^ and it holds that Se° > Se^. If ttq is the probability that 
the PU is idle and tti the probability that the PU is active, then the ASE that includes 
all four possible scenarios of spectrum sensing (detection, missed detection, false alarm 
and no false alarm) denoted as d,{l — d), f and 1 — / respectively is given as follows 

{Se)sens = ^0(1 - f)Se" + TTofSe' -f ^1(1 - d)5eO + TTidSeK (23) 

In the next subsections we will study the problem of optimal power allocation for both 
CR and DR adaptive modulations which determine the transmit powers P^ and P^ and 
in consequence the average spectral efficiencies 5*6° and Se^. 

3.3.1. Continuous rate adaptive modulation in sensing-based SS CRNs 

The ASE in CR adaptive modulation in SS CRNs is provided by (15). Thus, assuming 
transmit powers P'^{'^ss,Jsp), Se° and Se^ are given by 

P°(7.s, %p) - ^ - -^ for 7.. > iL/K (24) 

9 



where represents the well known optimal power allocation based on water-filling algorithm 
and P^(7ss,7sp) given by 



PHlssnsp) _ [^-^' 7s. > ^ and jsp < (^i/^,/_\)^^^K) 



pk_ 



Iss > -^ and jsp > 



(25) 



7sp' '** K """ Isp ^ (l/7l»-l/7ss-R') 



(27) 



where ^Is/K is the cut-off level in SNR above which the SU transmits through the shared 
band and 7sp is the SNR level at the interference channel above which the transmit 
power is truncated by the interference power constraint Ipk- In both (24) and (25) for 
7ss < its/^ 1^0 data transmission occurs and thus P"(7ss,7sp) = P^{ls8,lsp) = 0. 

3.3.2. Discrete rate adaptive modulation in sensing-hased SS CRNs 

Relying on (19), the average spectral efficiencies Se^ and Se^ for DR adaptive modu- 
lation in sensing-based SS CRNs assuming transmit powers P^["fssTlsp) and Pj{-fss,jsp) 
for each constellation Mj when the PU is idle or active respectively are given by 

P!{1ss,1sp) = (M, - 1)^^, for 7:,M, < 7,, < 7:,M,+i (26) 

Plhss^lsp) ^ f^^, itsMj < Jss < l*ssMj+i and 7,^ < ^^m,-Im..,.k) 
P te' ^*ssM, < 7s. < 7ssM.-+i and 7sp > (^m,-i/L,,k) 

where 7*^ is the cut-off level in SNR of the optimal power allocation which optimizes the 
fading regions jss.j for j = 0, 1, ...,-/V according to -fss,j — itsMj . In both (26) and (27) 
and for Mj = no data transmission occurs and thus Pj'(7ss,7sp) — P}(nss,lsp) = 0. 
We have to note here that the ASE in (23) is equal to (T — T)/T{Se)sens when a frame of 
duration T is transmitted over the sensed and subsequently shared band which is known 
as throughput f measured in bits per seconds per hertz. Thus, the aim in a sensing 
based SS CRN is to maximize the throughput ^ on the transmit powers P'^ and P^ with 
a constraint on sensing time r or sensing threshold ry [5| [321. Although this problem is 
concave on these three parameters i.e. transmit powers, sensing time and threshold, due 
to the complicated coupling expression of ASE in (23) the solution is obtained through 
an iterative algorithm as presented in 5|]. Thus, for both constant sensing time and 
threshold |j, the iterative algorithm results in a common cut-off level 7*3 in the received 
SNR at the SU-Rx which provides the optimal power allocation in the secondary link 
according to the transmit power constraints and the PU's activity. In this way we obtain 
numerical results regarding the average spectral efficiencies Se'^ and Se^ as well as the 
corresponding optimal power allocation as defined in equations (24) through (27) for 
CR and DR adaptive modulations in sensing-based SS CRNs. Details regarding this 
particular optimization problem and the corresponding iterative algorithm that is based 
on the subgradient method can be found in [5| that we omit here since it is out of our 
scope in this paper. Notably, we do not consider any changes on the probability of PU's 
activity ttq within the time period of the frame's duration T but we assume this variable 
as constant. On the other hand, a practical example that considers a stochastic model 
for the PU's activity can be found in [33] which we aim to take into account in a future 
investigation on this topic. 



^We assume constant sensing time and threshold since in this paper we do not consider the maxi- 
mization on these two parameters. 
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Figure 3; Average spectral efBcieney (ASE) of CR adaptive modulation in OSA CRN with U ■ 
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5 users 



4. Results and discussion 



In Fig. 3 we present the results obtained when CR adaptive modulation in OSA CRN 
over fading channel is considered. We assume a Rayleigh distribution for the fading 
channel with PDF equal to l/7exp(— 7/7) where 7 and 7 are the instantaneous and the 
average received SNR respectively. We depict the results for BER equal to 10~^ and 
10~^. With solid lines are shown the results for the case of PN only, which is the case of 
a conventional network that does not serve any SUs. With dashed lines are shown the 
results obtained for the OSA CRN with a number of users equal to [/ = 5 i.e. one PU and 
four SUs. An important performance gain in the OSA CRN is observed in comparison 
with the performance of the conventional network i.e. with U ~ 1. For both BER cases 
the additional ASE is close to 0.5bits/sec/Hz at low average SNR regions e.g. 7 — OdB. 
Besides, the additional ASE is close to Q.ibits/ sec/Hz at moderate average SNR regions 
e.g. 7 — lOdB and finally the ASE is close to O.lbits/sec/Hz at high average SNR 
regions e.g. 7 ~ 20dB. This behavior in particular, is explained from the fact that the 
probability that a channel is not allocated to the PU is larger for low average SNRs. 
In other words, for the low average SNR regions, the cut-off level in SNR jk is getting 
higher and in consequence the band factor gain in equation (10) is getting higher too. 
The opposite holds for the high average SNRs where the PU is more likely to transmit 
over a channel since the cut-off level in SNR "fK is getting lower and thus the constraint 
for allocating a channel is relaxed. 

Fig. 4a and Fig. 4b show the results obtained when the discrete rate (DR) adaptive 

11 







DR(BER= 


10" 


T adaptive modulation in OSA CRN 






6 














^^ 


1 










-8-3 regions 














-•-4 regions 


y 




- 








-a-5 regions 


X 


5 




.X 


X - 


5 

U 

m 4 
E 

i 

C 

is 




- 






,,^^^ 


1 
u 

%. 

(1) '^ 

TO 


-■"*"j^ 


■■''^ 


-r 


-■■y^ 


i.-— -^ 


1 

n 








1 



10 15 

average SNR in dB 



Figure 4a: Average spectral efBcieney (ASE) of DR {BER = 10 '^) adaptive modulation in OSA CRN 
with [7 = 5 users (dashed lines) over Rayleigh fading ehannel and with U = I users (solid hues) 



modulation in OSA CRN over a Rayleigh fading channel is considered. The average 
received SNR follows the aforementioned Rayleigh distribution and is denoted by 7. We 
depict the results for a BER equal to and 10^"^ in Fig. 4a and the results for a BER 
equal to 10~^ in Fig. 4b. With solid lines are shown the results for the conventional 
network i.e. for a PU U — I and with dashed lines are shown the results obtained for 
the OSA CRN with a total number of users equal to t/ = 5 as before. We consider 5 
fading regions with a set of MQAM constellations {0, 2, 4, 16, 64} , 4 fading regions with 
a set of MQAM constellations {0,2,4,16} and 3 fading regions with a set of MQAM 
constellations {0, 2,4}. Again, the performance gain is remarkable for low average SNR 
regions and is due to the increase in the probability of finding an unoccupied channel as 
mentioned previously for the OSA CRN. It should be noted that the performance gain 
is identical at low average SNR regions for all fading regions i.e. 5,4 and 3 and it is 
close to 0.3bits/sec/ Hz. On the other hand, the performance gain is negligible at high 
average SNR regions due to the decreased possibility of finding a channel opportunity. 
Regarding the different BER values, the tighter the BER is get i.e. BER = 10^^ , the 
larger the performance gain is become, something that we discuss in detail in Fig. 5 which 
illustrates the total band factor gain for the CR and DR implementations of adaptive 
modulation in OSA CRNs. 

Fig. 5 shows the total band factor gain of adaptive modulation in OSA CRN as it is 
obtained from equation (11). We depict both CR and DR adaptive modulation cases 
over a Rayleigh fading channel. With solid lines are shown the results obtained for a 
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Figure 4b: Average spectral efficiency (ASE) of DR {BER = 10^^) adaptive modulation in OSA CRN 
with f7 = 5 users (dashed lines) over Rayleigh fading channel and with U = I users (solid lines) 
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Figure 5: Total band factor gain of DR adaptive modulation in OSA CRN considering different number 
of fading regions with BER = 10~^ (solid lines) and BER = 10~^ (dashed lines) 



BER equal to 10"'^ and with dashed lines are shown the results obtained for a BER equal 
to 10~^. The OSA CRN is considered with a number of users equal to U = 5. Notably, 
the largest total band factor gain is achieved in case of CR adaptive modulation with a 
BER equal to 10~^ and the smallest one is achieved in case of DR adaptive modulation 
with 3 regions and a BER equal to 10~^ . Therefore, the tighter the BER criterion is 
become, the larger the advantage of the application of the OSA strategy in CRNs. We 
should further notice that the gain for CR and DR adaptive modulations with a high 
number of regions i.e. 5 was expected due to the transmission with high bit rates in 
terms of bits per symbol and in consequence with a high ASE. 

Fig. 6 shows the results obtained when the CR adaptive modulation in the SS CRN 
over a Rayleigh fading channel is considered. We assume again the aforementioned 
Rayleigh distribution with 7 as the average received SNR. The results are obtained for 
different peak interference constraint values. We depict also the case without a peak 
interference constraint that corresponds to the conventional power control scheme [26|. 
With solid lines are shown the results obtained for a BER equal to 10"'^ and with dashed 
lines are shown the results obtained for a BER equal to 10~®. The gain is obvious 
when the BER value is less demanding i.e. equal to 10~^. However, there is no gain 
from adaptive modulation for an average SNR up to the interference power constraint 
i.e. 7 > Ipk- This was expected since the transmit power P{jss,Jsp) is truncated by 
the power control in order to provide protection at the primary link and especially at 
the PU-Rx. Fig. 7 shows the results obtained when the discrete rate (DR) adaptive 
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Figure 6: Average spectral efficieiiey (ASE) of CR adaptive modulation in SS CRN over Rayleigh fading 
channel with different interference power constraints for BER = 10^"^ (solid lines) and BER = 10^® 
(dashed lines) 



modulation in the SS CRN over a Rayleigh fading channel is considered. We assume the 
same channel distribution and peak interference constraint values with those considered 
for obtaining the results of fig. 6. With solid lines are depicted the results for 5 regions, 
with dashed lines are depicted the results for 4 regions and with dashed dotted lines 
we depict the results for 3 regions. Obviously, the performance gain of DR adaptive 
modulation is again truncated for protecting the PU and is decreasing when the BER 
target value is less demanding. 

Figures 8a, 8b and 8c show the results for the optimal power allocation which we 
derived for CR and DR adaptive modulations in OSA CRNs. Fig. 8a depicts the results 
for a Rayleigh fading channel with average SNR equal to 7 = QdB, fig. 8b depicts the 
case of an average SNR equal to 7 = Sdi? and fig. 8c depicts the case of an average 
SNR equal to 7 = I'bdB. For all three cases, we suppose optimal power allocation of 
a CR adaptive modulation in an OSA CRN as obtained by equation (6) for BER — 
1Q~^ and BER = 10~^. Besides, we suppose the optimal power allocation of a DR 
adaptive modulation in an OSA CRN as obtained by equation (14) for BER = 10~^ and 
BER — 10^^ considering 3, 4 and 5 regions respectively. It is obvious from all figures 
that the transmit power adaptation mechanism demands more power when a tight BER 
is required for both the CR and DR with 5 regions. On the opposite, the less consuming 
scenarios are the cases of a BER = 10^'^ and DR with 3 regions. It should be noted 
that the power adaptation mechanism is not smooth in DR adaptive modulation and it 
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Figure 7: Average spectral efficiency (ASE) of DR adaptive modulation in SS CRN over Rayleigh fading 
channel with different interference power constraints for {BER = 10^'^) (solid lines) and {BER = 10^^) 
(dashed lines) 
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Figure 8a: Optimal power allocation P/P for an average SNR 7 : 
and DR adaptive modulation schemes 



: OdB in OSA CRNs for different CR 



presents an envelope with abrupt changes that reveal the transition to a new constellation 
size. Furthermore, comparing the power allocations for different average SNRs 7, it is 
evident that the more the average SNR the less the transmit power consumption. It 
should be mentioned also that the optimal power allocation for the SS CRN is identical 
to OSA CRN when the average SNR is less than the peak interference power constraint 
i.e. 7 < Ipk since in this case the conventional power control is applied as figured out 
from the results of ASE in SS CRNs described above. In the same context, for the cases 
that 7 > Ipk holds, the optimal power allocation is identical to OSA CRN for 7 = Ipk 
since power is truncated at this level. Thus, in SS CRNs the optimal power allocation is 
less demanding when 7 > Ipk holds. Hence it does not permit any enhancement in terms 
of ASE as shown above which is sacrificed for protecting the PUs transmission. 

Figures 9a and 9b show the results of the achievable throughput ^s at the SU-Tx 
for both CR and DR adaptive modulations schemes in sensing-based SS CRNs in order 
to highlight the impact of spectrum sensing mechanism on the performance of adaptive 
modulation. Both results are obtained for a BER equal to 10^'^. Spectrum sensing is 
considered for a frame duration equal to T = 100ms and sensing time equal to t = 2ms. 
PU's activity is determined from the probabilities wq = 0.6 and tti = 0.4 which are 
considered constants within the period of frame duration T. The probability of detection 
d is considered equal to 0.8, 0.5, 0.1 and 0.01, the sensed SNR S is considered equal to 
— 15dB and the standard deviation is taken equal to (t„ = 1 . The peak interference power 
constraint Ipk is assumed equal to OdB and lOd-B. With dashed lines are depicted the 
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Figure 8b: Optimal power allocation P jP for an average SNR 7 : 
and DR adaptive modulation schemes 
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Figure 8c: Optimal power allocation P/P for an average SNR 7 : 
and DR adaptive modulation schemes 
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Figure 9a: Throughput §s at the SU of CR adaptive modulation in scnsing-bascd SS CRN over Rayleigh 
fading channel for different probabilities of detection d with peak interference power constraint Ip^ = OdB 
(dashed lines) and Ip^. = lOdB (solid lines) 



results obtained when the peak interference power constraint is equal to Ipk = OdB while 
the solid lines depict the results obtained when the peak interference power constraint 
is equal to Ipk = lOdB. The results show that the throughput is maximized when the 
probability of detection is increased and the interference is less demanding i.e. Ipk — 
lOdB. 

Specifically, the tighter the probability of detection d e.g. d — 0.8, the less the 
throughput maximization achieved. However, when the interference power constraint is 
getting tighter i.e. Ipk = OdB, the gain is maximized in average SNR regions. This is 
because a tighter interference power constraint reveals lower cut-off levels 7*^, in SNRs in 
relation to those achieved when a more loose constraint is considered. This is also evident 
from the optimal power allocation in fig. 10a which shows that the power consumption 
is larger in the case of Ipk = OdB than in the case of Ipk = lOdB due to the lower 
cut-off levels, 7*^. Furthermore, a low value of probability of detection i.e. d = 0.01 
requires more power consumption than a high one although it achieves better throughput 
maximization as it has been shown in fig. 9a. An identical behavior is realized in the case 
of DR adaptive modulation in a sensing-based SS CRN as it is shown in figures 9b and 
10b for the throughput and optimal power allocation respectively. The numerical results 
for this case are obtained for a constellation set of 5 regions i.e. {0, 2, 4, 16, 64} with a 
BER equal to 10"^ 
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Figure 9b: Throughput ^s at the SU of DR adaptive modulation in sensing-based SS CRN over Rayleigh 
fading channel for different probabilities of detection d with peak interference power constraint /pj. = QdB 
(dashed lines) and /p^ = lOdB (solid lines). 
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Figure 10a: Optimal power allocation P/P of CR adaptive modulation in sensing-based SS CRN for an 
average SNR 7 = lOdB for different probabilities of detection d with peak interference power constraint 
Ipk = OdB (dashed lines) and Ipi^ = lOdB 
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Figure 10b: Optimal power allocation P jP of DR adaptive modulation in sensing-based SS CRN for an 
average SNR 7 = lOd-B for different probabilities of detection d with peak interference power constraint 
/pj. = Od-B (dashed lines) and /p^ = lOd-B 



5. Conclusions 

In this work, tlie incorporation of adaptive modulation in CRNs over fading chan- 
nels is studied thoroughly for the three main CRN types that have been identified so 
far i.e. OSA, SS and sensing-based spectrum sharing. We assume both CR and DR 
adaptive modulation schemes and we carry out the corresponding performance analysis. 
Closed-form expressions regarding the average spectral efficiency and the optimal power 
allocation for fading channels are derived incorporating the operational characteristics 
of both adaptive modulation and cognitive radio technologies. Numerical results for dif- 
ferent numbers of employed fading regions and imposed interference power constraints 
are provided that reveal the performance gains regarding the achievable average spectral 
efficiency of adaptive modulation deployment in CRNs. Finally, detailed results that il- 
lustrate the optimal power allocation when an adaptive modulation scheme is considered 
for various target BER values and number of fading regions are provided. 
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